Introduction
============

Cancer was responsible for 9.6 million deaths in 2018 worldwide, according to the World Health Organization Global Cancer Observatory ([@b1-ijo-57-02-0445]). Breast cancer is the most common cancer in women with 2.1 million newly diagnosed cases worldwide in 2018 ([@b1-ijo-57-02-0445]). Breast cancer is a heterogeneous disease with several subtypes that are classified based upon a variety of clinical and histopathological features ([@b2-ijo-57-02-0445]-[@b4-ijo-57-02-0445]). The lack of expression of oestrogen receptor (ER) and progesterone receptor (PR) and the absence of human epidermal growth factor Receptor-2 (HER2) overexpression assessed by immunohistochemistry defines the triple-negative breast cancer (TNBC) subtype. Poor long-term outcomes are associated with TNBC compared with other breast cancer subtypes ([@b5-ijo-57-02-0445]-[@b8-ijo-57-02-0445]). Mammography screening accounted for a decrease in breast cancer mortality in the recent years ([@b9-ijo-57-02-0445],[@b10-ijo-57-02-0445]). However, despite the numerous therapeutic options, including chemotherapy, hormonal therapy and radiotherapy, about 30% of patients who are treated at early-stages relapse ([@b11-ijo-57-02-0445]). In most cases, treatment is effective at first, but resistance to therapy and disease progression eventually occur. Because treatment resistance has become common ([@b11-ijo-57-02-0445]), it is crucial to provide novel treatment strategies. Alternative treatments may emerge from the development of either novel/unconventional therapeutic compounds or novel pharmacological approaches. The natural phytochemical compound curcumin exerts some effects on several biochemical pathways and drug targets. At present, curcumin is being widely investigated for its potential therapeutic use in various diseases, including Alzheimer\'s disease, cystic fibrosis and several types of cancer ([@b12-ijo-57-02-0445]-[@b19-ijo-57-02-0445]).

Curcumin has been reported to display antioxidant, anti-inflammatory, antiproliferative, proapoptotic and anticancer properties ([@b20-ijo-57-02-0445]). The antioxidant effects of curcumin have been used in the treatment of pancreatitis ([@b21-ijo-57-02-0445]), spinal cord injury ([@b22-ijo-57-02-0445]) and complications associated with diabetes ([@b23-ijo-57-02-0445]). The anti-inflammatory effects of curcumin have been demonstrated in diabetes ([@b23-ijo-57-02-0445]) and in the treatment of cancer therapy-induced oral mucositis ([@b24-ijo-57-02-0445]). Curcumin also displays anticancer properties that are applicable to the clinic ([@b25-ijo-57-02-0445]-[@b27-ijo-57-02-0445]). The clinical use of curcumin has been limited by its low aqueous solubility and stability, resulting in low oral bioavailability ([@b28-ijo-57-02-0445],[@b29-ijo-57-02-0445]). Structural modification and encapsulation of curcumin have been used to improve its pharmacokinetic profile ([@b30-ijo-57-02-0445]). Furthermore, reformulations of curcumin have been investigated in order to improve its delivery directly to the tumour mass within the breast tissue ([@b31-ijo-57-02-0445]-[@b33-ijo-57-02-0445]). Improved curcumin stability has been achieved by structural modifications, including replacement of the β-diketone moiety with metal ions ([@b34-ijo-57-02-0445],[@b35-ijo-57-02-0445]); however, the effects of these modifications on the cytotoxic properties of curcumin have not yet been investigated. In addition, whether these novel complexes can enter the cell and localize in a similar manner to curcumin remain unknown. A suitable breast cancer cell line may be employed to investigate the localization and movement of curcumin-derived compounds into cells. The MDA-MB-231 cell line ([@b36-ijo-57-02-0445]) is an aggressive and invasive breast cancer cell line, which lacks ER, PR and HER2 expression. This cell line is therefore referred to as a triple-negative breast cancer cell line ([@b37-ijo-57-02-0445]). The absence of ER expression results in MDA-MB-231 cell insensitivity to antihormone-based therapies, including tamoxifen ([@b38-ijo-57-02-0445]). Clinically, triple-negative breast cancer has limited treatment options. The MDA-MB-231 cell line is thus commonly used to investigate the molecular basis of this type of breast cancer and for the development of novel therapeutic approaches.

Resistance to apoptosis is a key characteristic of cancer cells ([@b39-ijo-57-02-0445]). Curcumin has been reported to inhibit proliferation by inducing apoptosis in MDA-MB-231 breast cancer cells via increasing the Bax/Bcl-2 ratio or upregulating p21 expression ([@b40-ijo-57-02-0445],[@b41-ijo-57-02-0445]). It was also reported that curcumin can decrease MDA-MB-231 cell migration and invasion without affecting apoptosis ([@b42-ijo-57-02-0445]). However, the anticancer activity of curcumin in relation to apoptosis, and the expression of proapoptotic and antiapoptotic proteins have not been fully described.

Ion channels directly or indirectly influence most basic cellular processes. Subsequently, ion channels also affect most malignant processes in cancer cells, including sustained proliferation ([@b43-ijo-57-02-0445]-[@b45-ijo-57-02-0445]), tissue invasion ([@b43-ijo-57-02-0445]), metastasis ([@b46-ijo-57-02-0445],[@b47-ijo-57-02-0445]) and programmed cell death ([@b48-ijo-57-02-0445],[@b49-ijo-57-02-0445]). A previous study demonstrated that molecular, biological and pharmacological inhibition of voltage-gated potassium channels (K*v*) reduces cancer cell proliferation, whereas overexpression of certain K*v* channels can stimulate cell proliferation ([@b50-ijo-57-02-0445]). Furthermore, when cells receive a death stimuli, they decreases in size during a process called apoptotic volume decrease (AVD). AVD occurs before the cascade of biochemical events that induces apoptosis ([@b51-ijo-57-02-0445]) and is primarily induced by potassium efflux across the plasma membrane. Numerous potassium channels are essential for controlling and regulating the flow of potassium into and out of the cell. Because of the pivotal role of potassium channels during AVD, cancer cells may evade apoptosis by downregulating potassium channel expression. For example, K*v*1.3 and K*v*1.5 are expressed at reduced levels in many types of human cancer cells compared with normal cells ([@b52-ijo-57-02-0445]). Other potassium channels, including voltage-gated potassium channels K*v*1.1, K*v*1.3, K*v*1.5, K*v*2.1 and K*v*11.1, serve crucial roles during apoptosis ([@b53-ijo-57-02-0445]). In addition to AVD associated with a decrease in cytoplasmic potassium concentration, this potassium movement promotes various cellular events that are critical for programmed cell death. These events include mitochondrial depolarization and cytochrome c release from mitochondria as well as cleavage of procaspase 3 and enhanced endonuclease activity ([@b53-ijo-57-02-0445]). Furthermore, Bax is known to inhibit mitochondrial potassium channels downstream of pro-apoptotic signals. The activation of the mitochondrial pathway of apoptosis by the pro-apoptotic protein Bax is mediated via the direct inhibition of mitochondrial Kv1.3 channels by BAX in the outer mitochondrial membrane ([@b54-ijo-57-02-0445]). It has been reported that curcumin displays inhibitory effects on potassium channels, mediating the curcumin-induced anticancer and anti-inflammatory properties in monocytic leukaemia and effector memory T cells ([@b55-ijo-57-02-0445],[@b56-ijo-57-02-0445]). In addition, curcumin decreases potassium channel currents by inactivating the gating of K*v*2.1 in 293 cells ([@b57-ijo-57-02-0445]).

It has been demonstrated that the solubility and stability of curcumin can be increased by complexation with boron and iron ([@b34-ijo-57-02-0445]). The aim of this study was to assess the anti-cancer properties of these curcumin complexes. The present study examined the effects of soluble structurally modified curcumin-based compounds on the MDA-MB-231 cell line. Furthermore, the inhibitory effects of curcumin, boron-curcumin \[B(Cur)~2~\] and iron-curcumin \[Fe(Cur)~3~\] on MDA-MB-231 cell proliferation, migration and invasion were investigated. In addition, the effect of the curcumin compounds on the apoptosis-proteome and gene expression of certain ion-channels was assessed.

Materials and methods
=====================

Cell lines
----------

The oestrogen negative MDA-MB-231 cell line was obtained from the American Type Culture Collection. Cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.; cat. no. 12491015) supplemented with 5% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA; cat. no. F2442), 100 U/ml penicillin, 100 *µ*g/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.; cat. no. 15070063), 600 *µ*g/ml L-glutamine (Sigma-Aldrich; Merck KGaA; cat. no. G7513) and 6/500 ml 100X non-essential amino acids (Gibco; Thermo Fisher Scientific, Inc.; cat. no. 11140050) and placed at 37°C in a humidified incubator containing 5% CO~2~.

Drugs and reagents
------------------

Curcumin was purchased from Sigma-Aldrich: Merck KGaA (cat. no. C7727). B(Cur)~2~ and Fe(Cur)~3~ were synthesized as previously described by Khalil *et al* ([@b58-ijo-57-02-0445]). The improved photostability of B(Cur)~2~ and Fe(Cur)~3~ relative to curcumin has been previously validated ([@b34-ijo-57-02-0445]). Curcumin, B(Cur)~2~ and Fe(Cur)~3~ were initially dissolved in DMSO into a 10 mM stock solution that was stored at -20°C. Stock solutions were later diluted in DMEM to the desired final concentrations. The structures of curcumin, B(Cur)~2~ and Fe(Cur)~3~ are presented in [Fig. 1](#f1-ijo-57-02-0445){ref-type="fig"}.

Fluorescence microscopy
-----------------------

M DA-M B-231 cells (350×10^3^ cell/ml) were seeded in 8-chamber slides (Eppendorf; cat no. 30742036) and incubated for 24 h at 37^°^C with 5% CO~2~. Subsequently, cells were treated with curcumin (25 *µ*M), B(Cur)~2~ (30 *µ*M) and Fe(Cur)~3~ (8 *µ*M) or vehicle (control group) for 5 min and immediately fixed with 3.7% formaldehyde at room temperature for 10 min. Cells were counterstained with DAPI at room temperature for 5 min to visualize the nucleus. Stained cells were observed using a BX43 fluorescence microscope (Olympus Corporation; magnification, ×100) to determine the cellular localization of curcumin and its metal derivatives. Images were analysed using CellSens Standard software (version 1.9; Olympus Corporation).

Sulforhodamine B (SRB) assay
----------------------------

The *in vitro* effect of curcumin, B(Cur)~2~ and Fe(Cur)~3~ on breast cancer cell proliferation was evaluated by using the SRB assay as previously described by Skehan *et al* ([@b59-ijo-57-02-0445]). Briefly, MDA-MB-231 cells were seeded in triplicate at the density of 1×10^4^ cells/well into a 96-well plate and incubated overnight at 37°C with 5% CO~2~. Cells were treated with vehicle or various concentrations (5, 10, 20, 30, 40, 50 and 100 *µ*M) of curcumin, B(Cur)~2~ and Fe(Cur)~3~ for 48 h. Subsequently, cells were fixed overnight with cold 10% trichloroacetic acid (Sigma-Aldrich; Merck KGaA; cat. no. 91228) at room temperature, washed with distilled H~2~O and air-dried. Cells were stained with 100 *µ*l of 0.4% SRB stain (Sigma-Aldrich; Merck KGaA; cat. no. S1402) (diluted in 1% acetic acid) for 30 min at room temperature, washed with acetic acid (Sigma-Aldrich; Merck KGaA; cat no. 33209) and air-dried. SRB stain was solubilized in 10 mM unbuffered Tris base solution. Absorbance was measured at a wavelength of 540 nm with reference wavelength of 650 nm using a micro-plate reader. Cell proliferation was calculated according to the following formula: Cell proliferation=100-\[(absorbance of treated cells/absorbance of untreated cells) x100\]. IC~50~ values were calculated using GraphPad Prism software version 5 (GraphPad Software, Inc.) to compare the cytotoxicity of the two complexes. For subsequent cell migration and invasion assays, the IC~50~ dose, one dose above the IC~50~ and one dose below the IC~50~ were used. For cell localization, mRNA and protein expression assays, cells were treated with the IC~50~ dose.

Cell migration by wound healing assay
-------------------------------------

MDA-MB-231 cells were seeded in 24-well plates and incubated at 37°C with 5% CO~2~ until they reach 80-90% confluence. A 100-*µ*l pipette tip was used to make a single scratch in the cell monolayer and image of the scratch was captured at 0 h with a light microscope (magnification, ×4). Subsequently, cells were treated with various concentrations of curcumin, B(Cur)~2~ and Fe(Cur)~3~ or vehicle (control group) and incubated for 24 h at 37°C with 5% CO~2~. The concentrations used were 5, 10, 15, 20, 25 and 30 *µ*M for curcumin and B(Cur)~2~, and 2, 4, 5, 6 and 8 *µ*M for Fe(Cur)~3~. On day 2, the width of the scratch was photographed and measured. Wound closure was calculated according to the following formula: Wound closure=100-\[(scratch width at 24 h/scratch width at 0 h) x100\]. Cells were not serum-starved during the assay.

Agarose invasion assay
----------------------

The under-agarose assay was performed to determine the random invasion of treated and untreated cells towards serum components found in the agarose gel. Ultra-pure agarose (0.9%; Invitrogen; Thermo Fisher Scientific, Inc.) was dissolved in PBS supplemented with minimum essential medium (Gibco; Thermo Fisher Scientific, Inc.) containing 5% FBS and incubated at room temperature in 6-well plates until it solidifies. Subsequently, 2-mm wells were formed in the agarose gel as previously described ([@b60-ijo-57-02-0445]) and cells (4×10^4^ cells/well) were pre-treated with 5, 10, 15, 20, 25 and 30 *µ*M curcumin and B(Cur)~2~ and 2, 4, 5, 6 and 8 *µ*M Fe(Cur)~3~ (or vehicle for control) before being loaded into the wells. Following 24 h incubation, the number of cells that had invaded the agarose gel were manually counted under a light microscope (magnification, ×4).

Profiling of apoptosis-associated proteins
------------------------------------------

The effect of curcumin, B(Cur)~2~ and Fe(Cur)~3~ on the expression of apoptosis-associated proteins was determined using the Proteome Profiler™ Array Human Apoptosis Array kit (R&D Systems, Inc.; cat no. ARY009) according to the manufacturer\'s instructions. Briefly, MDA-MB-231 cells were cultured in a 75 cm^2^ flask and treated for 48 h with curcumin (25 *µ*M), B(Cur)~2~ (35 *µ*M), Fe(Cur)~3~ (8 *µ*M) or vehicle. Cells (80% confluent) were lysed and total proteins of treated and untreated cells were extracted and quantified using a Bradford Assay Protein Quantitation kit (Abcam). Extraction was performed using the solution provided in the kit \'Lysis Buffer 17\' (Part no. 895943). The extraction solution contained aprotinin (10 *µ*g/ml), leupeptin (10 *µ*g/ml) and pepstatin (10 *µ*g/ml). Protein arrays (nitrocellulose membranes spotted with 35 apoptotic proteins) were blocked with the array buffer 1 for 1 h at room temperature. Subsequently, proteins (280 *µ*g) were transferred onto the arrays and incubated overnight at 4°C. After being washed, the arrays were incubated at room temperature with antibody detection cocktail for 1 h followed by the addition of Streptavidin-HRP for 30 min. The signal was finally obtained by adding Chemi Reagent Mix on the membrane. Protein spots were visualized using LI-COR detection system and the pixel density of each spot was quantified using Image J software (National Institutes of Health, version 1.46r). The relative expression of proteins in the treated cells were normalized to those in the untreated cells. The relative changes were based on differences in the pixel density of each spot displayed on images of the membrane array. The assay was performed in duplicate and the mean of the pixel density value was used for calculations.

RNA extraction
--------------

Total RNA was extracted from MDA-MB-231 cells following treatment with curcumin, B(Cur)~2~, Fe(Cur)~3~ or vehicle by using the RNeasy kit (Qiagen; cat. no. 74104) according to the manufacturer\'s protocol. The concentration of RNA was determined using a NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific, Inc.).

Ion-channel gene expression analysis by reverse transcription-quantitative (RT-q) PCR
-------------------------------------------------------------------------------------

Total RNA (1 *µ*g) from cells treated with curcumin, B(Cur)~2~, Fe(Cur)~3~ or vehicle was reverse transcribed into cDNA using the RT^2^ First Strand kit (Qiagen; cat. no. 330401) according to the manufacturers\' protocol. cDNA was then subjected to RT-qPCR array analysis for a panel of 84 neuronal ion channel genes. RT-qPCR was performed on a 96-well Human Neuronal Ion Channels RT^2^ profiler PCR array (cat. no. PAHS-036ZA; Qiagen) using RT^2^ SYBR Green/ROX PCR Master Mix (Qiagen) and an ABI 7500 real time PCR machine (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The reaction conditions were as follows: 10 min at 95°C followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Each sample was run in biological triplicates. The gene expression data were uploaded and analyzed using an online analysis software package (Qiagen, Inc., processed via the Qiagen portal at <http://www.qiagen.com/geneglobe>, July 2018). The array included five housekeeping genes as internal standards for data normalization, ACTB, B2M, GAPDH, HPRT1 and RPLP0. Relative gene expression was represented by fold change which was calculated by RT^2^-analysis software using the threshold cycle (Ct) and based upon the 2^−ΔΔCt^ method ([@b61-ijo-57-02-0445]). Fold change was defined by the normalised gene expression (2^−ΔCt^) in the Test Sample divided by the normalized gene expression (2^−ΔCt^) in the Control Sample (vehicle).

Statistical analysis
--------------------

Data were presented as the means ± standard error of the mean of at least three independent experiments. Statistical analyses were performed using SPSS version 25 (IBM Corp.) and GraphPad Prism version 5 (GraphPad Software, Inc.). Data were compared using Student\'s t-test and two-way ANOVA followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Curcumin, B(Cur)~2~ and Fe(Cur)~3~ localize in the cell cyto- plasm and around the nucleus
------------------------------------------------------------------------------------------

The results from fluorescence microscopy displayed a cytoplasmic localization of curcumin B(Cur)~2~ and Fe(Cur)~3~ in MDA-MB-231 cells ([Fig. 2](#f2-ijo-57-02-0445){ref-type="fig"}); however, the three compounds displayed differences in their exact localization after a short incubation period. As presented in [Fig. 2A](#f2-ijo-57-02-0445){ref-type="fig"}, the curcumin-treated cells displayed fluorescence mainly around the perinuclear region with a punctate pattern. In [Fig. 2B](#f2-ijo-57-02-0445){ref-type="fig"}, cells incubated with B(Cur)~2~ displayed homogenous fluorescence in the cytoplasm, and a few cells displayed a distinct halo around the nucleus, presumably within the nuclear membrane. As presented in [Fig. 2C](#f2-ijo-57-02-0445){ref-type="fig"}, Fe(Cur)~3~-treated cells displayed a nuclear-centric pattern of localization with no obvious fluorescence in the nuclear membrane or nucleus. Furthermore, the three compounds altered the morphology of MDA-MB-231 cells from the typical spindle-shape to a more spherical shape.

Curcumin, B(Cur)~2~ and Fe(Cur)~3~ are cytotoxic for MDA-MB-231 cells
---------------------------------------------------------------------

The effect of various concentrations (5-100 *µ*M) of curcumin, B(Cur)~2~ and Fe(Cur)~3~ on cell proliferation was assessed using the SRB assay. The results demonstrated that curcumin displayed an inhibitory effect on MDA-MB-231 cell proliferation of 66-85%, with an effective dose starting at 30 *µ*M curcumin ([Fig. 3A](#f3-ijo-57-02-0445){ref-type="fig"}). By contrast, B(Cur)~2~ displayed a weaker cytotoxic effect (60%) on MDA-MB-231 cells, which occurred with a higher dose (40 *µ*M; [Fig. 3B](#f3-ijo-57-02-0445){ref-type="fig"}). Fe(Cur)~3~ displayed the most potent cytotoxic effect on MDA-MB-231 cell proliferation (20-90%), with a significant decrease in cell proliferation at the lowest dose (5 *µ*M; [Fig. 3C](#f3-ijo-57-02-0445){ref-type="fig"}). In addition, the IC~50~ values of curcumin, B(Cur)~2~ and Fe(Cur)~3~ were 25, 35 and 8 *µ*M, respectively.

Curcumin and B(Cur)~2~ alter MDA-MB-231 cell migratory ability
--------------------------------------------------------------

The results from the wound healing assay demonstrated that curcumin and B(Cur)~2~ had an inhibitory effect on MDA-MB-231 cell migratory ability ([Fig. 4A](#f4-ijo-57-02-0445){ref-type="fig"}). Curcumin and B(Cur)~2~ inhibited cell migration by 60-70% at 20-30 *µ*M and 15-35 *µ*M, respectively ([Fig. 4B and C](#f4-ijo-57-02-0445){ref-type="fig"}). Fe(Cur)~3~ had no effect on cell migratory ability ([Fig. 4C](#f4-ijo-57-02-0445){ref-type="fig"}).

Curcumin, B(Cur)~2~ and Fe(Cur)~3~ inhibit MDA-MB-231 cell random invasion
--------------------------------------------------------------------------

Curcumin, B(Cur)~2~ and Fe(Cur)~3~ significantly inhibited cell invasion ([Fig. 5](#f5-ijo-57-02-0445){ref-type="fig"}). Curcumin was the most effective, inhibiting cell invasion by 16-84% at concentrations between 5 and 30 *µ*M ([Fig. 5A](#f5-ijo-57-02-0445){ref-type="fig"}). B(Cur)~2~ and Fe(Cur)~3~ inhibited cell invasion by 45-56 and 48-53%, respectively ([Fig. 5B and C](#f5-ijo-57-02-0445){ref-type="fig"}).

Effects of curcumin, B(Cur)~2~ and Fe(Cur)~3~ on apoptosis- associated proteins
-------------------------------------------------------------------------------

The relative expression levels of 35 apoptosis-related proteins were assessed. A total of 17 proteins were detected in the MDA-MB-231 cell extracts according to the proteome profiler assay ([Table I](#tI-ijo-57-02-0445){ref-type="table"}). The relative expression of the proapoptotic proteins cytochrome c and cleaved caspase-3 was markedly increased in MDA-MB-231 cells following treatment with B(Cur)~2~ and Fe(Cur)~3~. Cell treatment with curcumin also increased the expression of cytochrome c and cleaved caspase-3, but in a more modest way. Furthermore, cell treatment with curcumin, B(Cur)~2~ and Fe(Cur)~3~ decreased the expression of the three antiapoptotic proteins cIAP-1, claspin and survivin by \<10-fold. In addition, an increase in the expression of haem oxygenase-1 (HO-1) was observed in MDA-MB-231 cells following treatment with curcumin, B(Cur)~2~ and Fe(Cur)~3~, in particular with B(Cur)~2~ and Fe(Cur)~3~ higher compared with curcumin.

Ion channel gene expression
---------------------------

The relative expression of 84 ion-channel genes was analysed using the ion channel array profiler. The relative expression levels of 26 ion-channel genes were statistically significantly different in cells treated with curcumin, B(Cur)~2~ or Fe(Cur)~3~ compared with the untreated control cells. Furthermore, MDA-MB-231 cells treated with curcumin, B(Cur)~2~ and Fe(Cur)~3~ displayed expression levels \>10-fold higher for 16 ion channel genes, including seven potassium channels and nine non-potassium channels, compared with the untreated control cells (vehicle; [Fig. 6A and B](#f6-ijo-57-02-0445){ref-type="fig"}). The expression levels of K*v*2.1 and K*v*3.2 were increased by \>50-fold in MDA-MB-cells treated with curcumin, B(Cur)~2~ or Fe(Cur)~3~. Furthermore, cells treated with B(Cur)~2~ displayed a 50-fold increase in K*v*4.2 expression level compared with the control cells. In addition, the relative expression levels of bestrophin-1 (BEST1) and calcium voltage-gated channel auxiliary subunit γ4 (CACNG4) were increased by \>50-fold in cells treated with Fe(Cur)~3~ compared with control cells.

Discussion
==========

The present study demonstrated that curcumin, B(Cur)~2~ and Fe(Cur)~3~ may be cytotoxic for MDA-MB-231 cells. In addition to inhibiting cell proliferation, the three compounds inhibited cell invasive ability; however, only curcumin and B(Cur)~2~ reduced cell migratory ability.

As B(Cur)~2~ and Fe(Cur)~3~ are new compounds, their effect on breast cancer cells requires further investigation. It has been reported that curcumin localized primarily in the perinuclear region of the cell ([@b62-ijo-57-02-0445]). Despite structural differences, B(Cur)~2~ and Fe(Cur)~3~ displayed a similar pattern of cellular localization to curcumin in the present study. Kunwar *et al* ([@b63-ijo-57-02-0445]) reported that curcumin localization was mainly at the plasma membrane, followed by the cytoplasm and the nucleus in MCF-7 breast cancer cells ([@b63-ijo-57-02-0445]). Cytoplasmic localization of iron-containing curcumin derivative has also been reported in MCF-7 breast cancer cells ([@b64-ijo-57-02-0445]). In the present study, curcumin, B(Cur)~2~ and Fe(Cur)~3~ induced morphological changes in MDA-MB-231 cells from a typical spindle shape to a rounded structure with no visible blebs near the plasma membrane. Ganguly *et al* ([@b65-ijo-57-02-0445]) also described this feature, suggesting that curcumin may modify the cell shape and reduce cell attachment by downregulating focal adhesion kinase expression.

To further investigate the cell death mechanism, reverse transcription-quantitative PCR was performed to assess the expression of ion channels, and apoptosis proteome profiling was also conducted. The expression levels of the proapoptotic proteins cleaved caspase 3 and cytochrome c were increased in cells treated with curcumin, B(Cur)~2~ or Fe(Cur)~3~. The mitochondrial release of cytochrome c induces the activation of the caspase cascade associated with the intrinsic pathway of apoptosis ([@b66-ijo-57-02-0445]). The increased expression of cytochrome c and cleaved caspase-3 reported in the present study suggested that the intrinsic pathway of apoptosis was associated with curcumin exposure in MDA-MB-231 cells. Furthermore, phosphorylated p53 expression levels were slightly decreased following treatment with B(Cur)~2~ and Fe(Cur)~3~. Chiu and Su ([@b14-ijo-57-02-0445],[@b40-ijo-57-02-0445]) reported similar effect of curcumin on MDA-MB-231 cells, and suggested that curcumin may induce apoptosis via a p53 independent pathway or a p53-dependent Bax pathway.

In the present study, HO-1 expression level was increased in MDA-MB-231 cells in response to treatment with curcumin, B(Cur)~2~ and Fe(Cur)~3~. Previous studies also reported that curcumin treatment induces HO-1 overexpression *in vitro* and *in vivo* ([@b67-ijo-57-02-0445]-[@b71-ijo-57-02-0445]). In hepatoma epithelial cells, the induction of HO-1 expression occurs via a mechanism involving increased oxidative stress and p38 activation ([@b72-ijo-57-02-0445]), whereas in renal epithelial cells, the mechanism involves activation of the protein-1 activator transcription factor ([@b73-ijo-57-02-0445]). Although the protein expression of the antiapoptotic and proproliferative HO-1 was induced by curcumin in the present study, previous studies indicated that curcumin displays anticancer effects. It has been reported that high HO-1 expression favours cancer cell proliferation, poor prognosis and resistance to therapy ([@b74-ijo-57-02-0445]-[@b82-ijo-57-02-0445]). Furthermore, it was demonstrated that HO-1 is associated with antiapoptotic ([@b83-ijo-57-02-0445],[@b84-ijo-57-02-0445]), proangiogenic ([@b85-ijo-57-02-0445]) and prometastatic ([@b86-ijo-57-02-0445]) activities. HO-1 also promotes cancer cell proliferation via a mechanism that is independent of its catalytic activity, the HO-1 nuclear translocation-induced alterations of gene transcription ([@b87-ijo-57-02-0445],[@b88-ijo-57-02-0445]). At present, HO-1 is considered as a potential therapeutic target for various cancers ([@b74-ijo-57-02-0445],[@b89-ijo-57-02-0445]). However, an increase in HO-1 enzyme activity has also been reported to display anticancer effects ([@b90-ijo-57-02-0445],[@b91-ijo-57-02-0445]), including via the promotion of apoptosis ([@b92-ijo-57-02-0445],[@b93-ijo-57-02-0445]). Furthermore, it was reported that HO-1 overexpression in breast cancer cell lines can inhibit cell proliferation and invasive ability and induce apoptosis ([@b94-ijo-57-02-0445]-[@b96-ijo-57-02-0445]). Similarly, Lee *et al* ([@b48-ijo-57-02-0445],[@b69-ijo-57-02-0445]) demonstrated that curcumin can induce HO-1 protein overexpression in MDA-MB-231 cells, leading to decreased cell proliferation and invasive ability.

In the present study, curcumin, B(Cur)~2~ and Fe(Cur)~3~ had variable effects on the expression of certain ion channel genes. High gene expression levels were observed for the K*v*2.1, K*v*3.2 and K*v*4.2 potassium channels following treatment with curcumin, B(Cur)~2~ or Fe(Cur)~3~. Furthermore, high expression levels of CACNG4, which is a calcium channel coding gene, and BEST1, which is a calcium-activated chloride channel coding gene, were observed in MDA-MB-231 cells following treatment with curcumin, B(Cur)~2~ and Fe(Cur)~3~.

Ion channel overexpression may result in a proapoptotic and antiproliferative response by increasing the movement of ions that favours a decrease in cell volume, which may be involved in initiating apoptosis ([@b43-ijo-57-02-0445]-[@b45-ijo-57-02-0445],[@b48-ijo-57-02-0445]-[@b51-ijo-57-02-0445]). The cellular potassium efflux induces AVD and subsequent apoptotic events. By downregulating potassium channel expression, cancer cells can therefore evade apoptosis ([@b44-ijo-57-02-0445],[@b53-ijo-57-02-0445],[@b97-ijo-57-02-0445]). Numerous voltage-gated potassium channels are known to influence AVD in cancer cells, including K*v*1.1, K*v*1.3, K*v*1.5, K*v*2.1 and K*v*11.1 ([@b53-ijo-57-02-0445]), with several studies focusing on K*v*1.3 and K*v*1.5 ([@b51-ijo-57-02-0445],[@b52-ijo-57-02-0445],[@b54-ijo-57-02-0445],[@b98-ijo-57-02-0445]-[@b101-ijo-57-02-0445]). In the present study, no significant alteration in K*v*1.3 and K*v*1.5 expression levels were observed; however, the expression level of K*v*2.1, which is a potassium channel associated with apoptosis, was increased. Previous studies reported that neuronal apoptosis requires a potassium efflux via the K*v*2.1 channel ([@b97-ijo-57-02-0445],[@b102-ijo-57-02-0445]). Curcumin has also been reported to reduce K*v*2.1 potassium currents by modulating the inactivation gating of this channel ([@b57-ijo-57-02-0445]). K*v*2.1 overexpression, which was observed in the present study, may be a cellular response to the inhibition of the function of this voltage-gates potassium channel.

Cancer cell survival is partly attributed to the evasion of apoptotic processes ([@b39-ijo-57-02-0445]). In the present study, the results from the proteome profile and ion channel expression analyses identified two potential mechanisms underlying cancer cell apoptosis evasion. The findings suggested that curcumin may increase the expression level of HO-1 and K*v*2.1 and that HO-1 may counterbalance the effects of K*v*2.1. HO-1 catalyses the breakdown of haem to generate biliverdin, iron and carbon monoxide (CO), which inhibit apoptosis. Subsequently, HO-1 and its products may display some antiapoptotic effects in certain cells. CO inhibits the potassium currents generated by the proapoptotic K*v*2.1 channel ([@b49-ijo-57-02-0445],[@b50-ijo-57-02-0445],[@b103-ijo-57-02-0445],[@b104-ijo-57-02-0445]). The increase in K*v*2.1 expression level observed in the present study may be a cellular response to the HO-1-mediated inhibition of the K*v*2.1 channel activity. However, the association between HO-1 and K*v*2.1 in breast cancer cells requires further investigation.

Conversely with K*v*2.1, only a few studies reported an association between K*v*3.2 and apoptosis. Lan *et al* ([@b105-ijo-57-02-0445]) reported high relative expression of K*v*1.3, K*v*1.5, K*v*1.6, K*v*2.1 and K*v*2.2 in numerous gastric cancer cell lines; however, K*v*3.2 expression level was only just detectable. The increased expression level of K*v*3.2 observed in the present study may therefore be specific to breast cancer cells. Some K*v* channels are considered oxygen sensors, and Song *et al* ([@b106-ijo-57-02-0445]) demonstrated that K*v*3.1 and K*v*3.4 are tumour hypoxia-related channels involved in cancer cell migratory and invasive abilities. K*v*3.1 and K*v*3.4 protein expression in A549 and MDA-MB-231 cells increase in a cell density-dependent manner. When K*v*3.1 and K*v*3.4 were inhibited using a K*v*3 subfamily-specific blocker, both cell migration and invasion were inhibited ([@b106-ijo-57-02-0445]). In the present study, cell treatment with Fe(Cur)~3~ induced the largest increase in K*v*3.2 expression; however, Fe(Cur)~3~ was the only compound that failed to inhibit the breast cancer cell migratory ability in the present study. The overexpression of Kv3.2 may be linked to an attenuation in MDA-MB-231 cell ability to migrate.

In the present study, BEST1 was the only anion channel that was significantly upregulated in response to curcumin treatment. BEST1 is responsible for the production of an outward flow of chloride ions, which counterbalances transient membrane potentials induced by potassium efflux for cellular electroneutrality ([@b51-ijo-57-02-0445],[@b107-ijo-57-02-0445]). Several family members of the calcium-activated chloride channels, including BEST1, have been reported to promote cell proliferation and tumorigenesis ([@b52-ijo-57-02-0445],[@b53-ijo-57-02-0445],[@b108-ijo-57-02-0445],[@b109-ijo-57-02-0445]). Furthermore, it was reported that both potassium voltage-gated channel subfamily H member 1 and BEST1 are involved in the transformation of slow-growing T~84~ colonic carcinoma cells into fast-growing T~84~ cells ([@b109-ijo-57-02-0445]).

In the present study, the effects of curcumin, B(Cur)~2~ and Fe(Cur)~3~ were evaluated in one breast cancer cell line only. Although the MDA-MB-231 cell line ([@b36-ijo-57-02-0445]), has proven useful in laboratory investigations of genetics, molecular biology and biology of TNBC ([@b37-ijo-57-02-0445]), this represents a limitation to this study. Further investigation in additional breast cancer cell lines, including MCF-7, is therefore required. Both MCF-7 and MDA-MB-231 cell lines are invasive ductal/breast carcinoma cells; however, these cells display significant phenotypic and genotypic differences. MCF-7 is a hormone dependent cell line due to its expression of ER and PR, whereas the MDA-MB-231 cell line lacks ER and PR. Since MDA-MB-231 cells are highly metastatic and more aggressive compared with MCF-7 cells, the MDA-MB-231 cell line was the most appropriate cell line for investigating the anticancer properties of curcumin compounds in the present study*.*

Previous studies reported that B(Cur)~2~ and Fe(Cur)~3~ display improved photostability and high fluorescence efficiency compared with curcumin ([@b9-ijo-57-02-0445],[@b10-ijo-57-02-0445],[@b34-ijo-57-02-0445],[@b35-ijo-57-02-0445]). The present study investigated whether curcumin complexes possessed similar biological properties as curcumin. The results demonstrated that Fe(Cur)~3~ was more effective at inhibiting cell proliferation and random invasion at low doses compared with curcumin. Conversely, B(Cur)~2~ was only effective at inhibiting the cell migratory ability. B(Cur)~2~ and Fe(Cur)~3~ displayed similar anticancer properties to curcumin. Curcumin may serve as an adjuvant for chemotherapy. The increase in K*v*2.1, K*v*3.2 and HO-1 highlight important changes in molecular responses to curcumin induced inhibition of proliferation and invasion of breast cancer cells. In conclusion, the present study demonstrated that HO-1 and potassium channels may be considered as important therapeutic targets in breast cancer.
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![Chemical structures of (A) curcumin, (B) boron-curcumin and (C) iron-curcumin.](IJO-57-02-0445-g00){#f1-ijo-57-02-0445}

![Localization of (A) curcumin, (B) B(Cur)~2~, (C) Fe(Cur)~3~ and (D) DMSO vehicle in MDA-MB-231 cells. Cells were seeded at subconflu-ency and left to attach overnight at 37°C with 5% CO~2~. The following day, cells were treated with IC~50~ doses of curcumin, B(Cur)~2~ or Fe(Cur)~3~ (green) for 5 min and subsequently fixed. Cells were counterstained with DAPI as a nuclear stain (blue). Magnification, ×100. Scale bar, 5 *µ*m. B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.](IJO-57-02-0445-g01){#f2-ijo-57-02-0445}

![Effect of (A) curcumin, (B) B(Cur)~2~ and (C) Fe(Cur)~3~ on MDA-MB-231 cell proliferation. Cells grown in 96-well plates were untreated (control; white bars) or treated with curcumin, B(Cur)~2~ or Fe(Cur)~3~ for 48 h (5-100 *µ*M). Cell proliferation was assessed using the Sulforhodamine B assay. Data were presented as the means ± standard error of the mean of 5-6 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.](IJO-57-02-0445-g02){#f3-ijo-57-02-0445}

![Effect of curcumin and curcumin complexes on MDA-MB-231 wound healing capacity. (A) Representative images of wound healing following exposure to the three compounds at 0 and 24 h. Magnification, ×4. Scale bar, 500 *µ*m. Curcumin and B(Cur)~2~ were tested at 30 *µ*M and Fe(Cur)~3~ was tested at 8 *µ*M. Effects of (B) curcumin, (C) B(Cur)~2~ and (D) Fe(Cur)~3~ on MDA-MB-231 cell migration. Cells grown in 24-well plates were untreated (control; white bars) or treated with different concentrations of curcumin, B(Cur)~2~ or Fe(Cur)~3~ for 24 h. Cell migration was assessed using a wound healing assay. Data were presented as the means ± standard error of the mean of 4-9 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.](IJO-57-02-0445-g03){#f4-ijo-57-02-0445}

![Effect of (A) curcumin, (B) B(Cur)~2~ and (C) Fe(Cur)~3~ on the random invasion of MDA-MB-231 cells towards serum components found in agarose gel. Cells loaded in agarose wells were untreated (control; open bars), or treated with different concentrations of curcumin, B(Cur)~2~ or Fe(Cur)~3~ for 24 h. Curcumin and B(Cur)~2~ were tested at 5-30 *µ*M and Fe(Cur)~3~ was tested at 2-8 *µ*M. Invading cells were manually counted. Data were presented as the means ± standard error of the mean of 3-9 independent experiments. ^\*^P\<0.05 and ^\*\*\*^P\<0.001 vs. control. B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.](IJO-57-02-0445-g04){#f5-ijo-57-02-0445}

###### 

Effects of curcumin, B(Cur)~2~ and Fe(Cur)~3~ on the relative gene expression of ion channels in MDA-MB-231 cells. MDA-MB-231 cells were untreated (control) or treated with curcumin (25 *µ*M), B(Cur)~2~ (35 *µ*M) or Fe(Cur)~3~ (8 *µ*M) for 24 h. Total RNA was extracted, converted to cDNA and subjected to reverse transcription-quantitative PCR. The relative gene expression levels of (A) potassium and (B) calcium, chloride and sodium channels was evaluated. Data were presented as the means (95% confidence interval) of 3 biological replicates. The relative expression of all genes presented here was significantly different compared with untreated control (^\*^P\<0.05). B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.

![](IJO-57-02-0445-g05)

![](IJO-57-02-0445-g06)

###### 

Regulation of pro-apoptotic and anti-apoptotic proteins in MDA-MB-231 cell line following treatment with curcumin, B(Cur)~2~ and Fe(Cur)~3~.

  Protein              Effect on apoptosis   Curcumin   B(Cur)~2~   Fe(Cur)~3~
  -------------------- --------------------- ---------- ----------- ------------
  Bad                  Pro                   ↓                      ↓
  Pro-caspase 3        Pro                   ↓          ↓           ↓
  Cleaved caspase 3    Pro                   ↓          ↑↑↑         ↑↑↑
  Cytochrome c         Pro                   ↓          ↑↑          ↑↑
  TRAIL R2/DR5         Pro                   ↓                      ↓
  FADD                 Pro                   ↓          ↓           ↓
  HIF-1α               Pro                   ↓                      
  HSP70                Pro                   ↓          ↓           ↓
  HTRA2/Omi            Pro                   ↓          ↓           ↓
  Phospho-p53 (S15)    Pro                   ↓          ↓           ↓
  Phospho-p53 (S46)    Pro                   ↓          ↓           ↓
  Phospho-p53 (S392)   Pro                   ↓          ↓           ↓
  SMAC/Diablo          Pro                   ↓                      ↓
  cIAP-1               Anti                  ↓          ↓           ↓
  Claspin              Anti                  ↓          ↓           ↓
  HO-1                 Anti                  ↑↑↑↑       ↑↑↑↑↑       ↑↑↑↑↑
  Survivin             Anti                  ↓          ↓           ↓

Direction of arrow indicates up- or downregulation compared with untreated control group. Number of arrows indicates the relative difference in density of pixels between control and treated sample. The fold difference in pixel density was as follows: ↑↑=10, ↑↑↑=100, ↑↑↑↑=1,000 and ↑↑↑↑↑=10,000. B(Cur)~2~, boron-curcumin; Fe(Cur)~3~, iron-curcumin.
